Regulated AMPA receptor (AMPAR) trafficking at excitatory synapses is a mechanism critical to activity-dependent alterations in synaptic efficacy. The role of regulated AMPAR trafficking in insult-induced synaptic remodeling and/or cell death is, however, as yet unclear. Here we show that brief oxygen-glucose deprivation (OGD), an in vitro model of brain ischemia, promotes redistribution of AMPARs at synapses of hippocampal neurons, leading to a switch in AMPAR subunit composition. Ischemic insults promote internalization of glutamate receptor subunit 2 (GluR2)-containing AMPARs from synaptic sites via clathrin-dependent endocytosis and facilitate delivery of GluR2-lacking AMPARs to synaptic sites via soluble N-ethylmaleimide-sensitive factor attachment protein receptordependent exocytosis, evident at early times after insult. The OGD-induced switch in receptor subunit composition requires PKC activation, dissociation of GluR2 from AMPA receptor-binding protein, and association with protein interacting with C kinase-1. We further show that AMPARs at synapses of insulted neurons exhibit functional properties of GluR2-lacking AMPARs. AMPAR-mediated miniature EPSCs exhibit increased amplitudes and enhanced sensitivity to subunit-specific blockers of GluR2-lacking AMPARs, evident at 24 h after ischemia. The OGD-induced alterations in synaptic AMPA currents require clathrin-mediated receptor endocytosis and PKC activation. Thus, ischemic insults promote targeting of GluR2-lacking AMPARs to synapses of hippocampal neurons, mechanisms that may be relevant to ischemia-induced synaptic remodeling and/or neuronal death.
Introduction
AMPA receptors (AMPARs) mediate fast synaptic transmission at excitatory synapses in the CNS and are heteromeric complexes composed of glutamate receptor subunit 1-4 (GluR1-GluR4) (Hollmann and Heinemann, 1994; Dingledine et al., 1999) . In principal hippocampal neurons, AMPARs are primarily of the GluR1/GluR2 and GluR2/GluR3 configuration (Craig et al., 1993; Wenthold et al., 1996) . The GluR2 subunit governs a number of properties of heteromeric AMPAR assemblies, including permeability to divalent cations. Whereas AMPARs containing the edited GluR2 subunit are impermeable to divalent cations, AMPARs lacking the edited GluR2 subunit are highly permeable to Ca 2ϩ and Zn 2ϩ (Verdoorn et al., 1991; Geiger et al., 1995) . Thus, AMPARs at synapses of hippocampal pyramidal neurons are typically Ca 2ϩ /Zn 2ϩ impermeable. Activity-dependent AMPAR trafficking is a mechanism critical to many forms of synaptic plasticity and remodeling (Carroll et al., 2001) . Receptor recycling and synaptic targeting in response to neuronal activity is mediated by interactions of AMPAR subunits with receptor trafficking and anchorage proteins such as AMPA receptor-binding protein (ABP) and protein interacting with C kinase-1 (PICK1) (Malinow and Malenka, 2002) . AMPARs move rapidly between the plasma membrane and intracellular compartments via regulated receptor endocytosis and exocytosis (Malenka and Nicoll, 1999; Malinow et al., 2000; Carroll et al., 2001; Sheng and Lee, 2001 ). In addition, AMPARs are laterally translocated within the membrane between synaptic and extrasynaptic sites (Borgdorff and Choquet, 2002) . Synaptic plasticity is thought to involve alterations in the number and phosphorylation state of postsynaptic AMPARs (Carroll et al., 2001 ) but may also involve alterations in AMPAR subunit composition Cull-Candy, 2000, 2005; Gardner et al., 2005) .
Transient global ischemia induces delayed neuronal death, particularly in the hippocampal CA1 (Kirino, 1982; Pulsinelli et al., 1982; Choi, 1995; Zukin et al., 2004) . Substantial evidence implicates Ca 2ϩ /Zn 2ϩ -permeable, GluR2-lacking AMPARs in ischemic cell death (Tanaka et al., 2000; Zukin et al., 2004) . Global ischemia induces downregulation of GluR2 mRNA and protein expression (Pellegrini- and enhanced AMPAR-mediated Ca 2ϩ and Zn 2ϩ influx in CA1 neurons (Gorter et al., 1997; Yin et al., 2002) . Synaptic AMPA currents in post-ischemic hippocampus display pronounced inward rectification and enhanced sensitivity to 1-naphthyl acetyl spermine (Naspm) and Joro spider toxin, channel blockers selective for GluR2-lacking AMPARs (Tsubokawa et al., 1995; Ying et al., 1997; Liu et al., 2004; Noh et al., 2005; Peng et al., 2006 ). These findings demonstrate the expression of functional Ca 2ϩ /Zn 2ϩ -permeable, GluR2-lacking AMPARs at CA1 synapses at 24 -48 h after ischemia. Whereas considerable evidence underscores alterations in AMPAR subunit composition and function hours or days after injury, receptor changes at early times after ischemia remain unclear.
Here we show that oxygen-glucose deprivation (OGD), a well established in vitro model of ischemic neuronal injury (Goldberg and Choi, 1993; Ying et al., 1997) , directs GluR2-lacking AMPARs to hippocampal synapses at early times after ischemia. OGD promotes internalization of primarily GluR2-containing AMPARs and facilitates delivery of GluR2-lacking AMPARs, leading to expression of functional GluR2-lacking AMPARs at synapses of post-ischemic neurons. These results implicate regulated AMPAR trafficking in ischemia-induced synaptic remodeling and/or neuronal injury.
Materials and Methods
Hippocampal neuronal culture and OGD treatment. Hippocampal neuronal cultures were prepared from Wistar rats at gestation day 18 (Brewer et al., 1993) . Dissociated neurons were suspended in plating medium (Neurobasal medium, 2% B-27 supplement, 0.5% FBS, 0.5 M L-glutamine, and 25 M glutamic acid) and transferred to poly-D-lysine-coated coverslips in 35 mm Petri dishes. After 3 d in vitro (DIV), three-quarters of the plating medium was removed and replaced with maintenance medium (Neurobasal medium, B-27 supplement, and 0.5 M L-glutamine). Medium replacement was performed every 3-4 d, and cells were used at 12-15 DIV. To initiate the OGD challenge, cells were transferred to deoxygenated glucose-free extracellular solution (ECS) (in mM: 116 NaCl, 5.4 KCl, 0.8 MgSO 4 , 1.0 NaH 2 PO 4 , 1.8 CaCl 2 , and 26 NaHCO 3 ), introduced into a specialized, humidified chamber (Plas-Labs, Lansing, MI), and maintained at 37°C in 85% N 2 /10% H 2 /5% CO 2 for 20 min (Goldberg and Choi, 1993; Ying et al., 1997) . Neurons were removed from the chamber, transferred to maintenance medium, and returned to the incubator. For "sham" treatment, control cultures were transferred to the ECS (in mM: 116 NaCl, 5.4 KCl, 0.8 MgSO 4 , 1.0 NaH 2 PO 4 , 1.8 CaCl 2 , 26 NaHCO 3 , and 33 glucose), introduced into the humidified chamber, and maintained at 37°C for 20 min in 95% O 2 /5% CO 2 . After sham treatment, control neurons were transferred to maintenance medium and returned to the original incubator.
Colorimetric assays. Colorimetric assays were performed as described previously (Lu et al., 2001) . To label surface GluR1, GluR2, or GluR3 subunits, cells were fixed with paraformaldehyde (4% for 10 min) under nonpermeabilized conditions (Lu et al., 2001 ) and labeled with rabbit anti-GluR1 (Oncogene, San Diego, CA) (Passafaro et al., 2001) , mouse anti-GluR2 (Chemicon, Temecula, CA) (Passafaro et al., 2001) , or rabbit anti-GluR3 (Chemicon) (Moga et al., 2003) antibody raised against the N-terminal extracellular region (Lu et al., 2001) . To label total GluR1, GluR2, and GluR3 subunits, immunolabeling was performed under permeabilized conditions. In brief, cells were fixed with 4% paraformaldehyde for 30 min, followed by treatment with 0.25% Triton X-100 for 10 min. Cells were then incubated with the same antibodies, followed by incubation (1 h at room temperature) with horseradish peroxidaseconjugated secondary antibodies (Amersham Biosciences, Baie D'urfe, Quebec, Canada), washed five times with PBS to minimize nonspecific reactivity, and then incubated with 1 ml of HRP substrate o-phenylenediamine (Sigma, St. Louis, MO) for 2-5 min. Reactions were stopped with 0.2 ml of 3N HCl, and the optical density of the supernatant was read on a spectrophotometer at 492 nm. Analysis was performed on six dishes per group.
Immunofluorescent labeling, image acquisition, and analysis. To examine colocalization of GluRs and synaptophysin, nonpermeabilized control or treated neurons (12-15 DIV) were labeled for surface AMPARs, permeabilized, and relabeled with anti-synaptophysin antibody as described previously (Lu et al., 2001) . In brief, nonpermeabilized cells were labeled with rabbit anti-GluR1 (Oncogene or Calbiochem, La Jolla, CA), mouse anti-GluR2 (Chemicon), or rabbit anti-GluR3 (Chemicon) antibodies (Lu et al., 2001) and Alexa Fluor 488 (green fluorescence) secondary antibodies (Invitrogen, Carlsbad, CA). Cells were then permeabilized (0.25% Triton X-100, 10 min) and relabeled with anti-synaptophysin antibody (Sigma or Zymed, San Francisco, CA) and Alexa Fluor 594 (red fluorescence) secondary antibodies (Invitrogen).
Fluorescent-labeled receptors were imaged using a 63ϫ objective mounted on a Zeiss (Oberkochen, Germany) LSM 510 META confocal microscope as described previously (Beattie et al., 2000; Passafaro et al., 2001) . Images were acquired using a Zeiss AxioCam digital camera in the linear range with constant settings and were analyzed using Image Pro Plus analysis software (Media Cybernetics, Silver Spring, MD). Each image was a z-series of 6 -13 images, taken at 0.75-m-depth intervals. The resultant stack was "flattened" into a single image using a maximum projection. For all experiments, we analyzed fluorescent signal in regions of interest by two methods: (1) we counted immunofluorescent puncta, and (2) we measured average fluorescence intensity per unit area. In all cases, the two methods afford essentially identical results; thus, we present only data obtained by puncta counting. The quantification of fluorescence staining was performed as described previously (Snyder et al., 2001; Ju et al., 2004) . For individual experiments, all images in all experiments were analyzed using identical acquisition parameters. During data acquisition and analysis, the investigator was blind to the treatment group. For each experiment, control and treated cells from the same culture preparation were processed and imaged in parallel. In each experiment, neurons were selected randomly under bright-field optics, and fluorescent images of each neuron acquired from a single plane were transferred for analysis.
To assess synaptic localization of GluR1, GluR2, and GluR3, the subunits and synaptophysin images were merged. Puncta were identified as discrete regions of fluorescence more than twofold of background. Images of neuronal processes for each experiment were thresholded to subtract the average background fluorescence in cells labeled with negative control probes. Individual thresholded puncta were counted for every discrete 10 m length of process. The average intensity of fluorescence puncta was also measured. Two or three processes per cell and 20 -40 cells from four or five separate cultures each were averaged. The n value refers to the number of cells analyzed.
Hypertonic sucrose, chlorpromazine, and light chain of botulinum toxin type A treatments. To examine the effects of OGD on clathrin-mediated AMPAR internalization, neurons were first treated with hypertonic sucrose (0.45 M, 20 min) (Hansen et al., 1993; Lin et al., 2000; Man et al., 2000) or chlorpromazine (7.5 M, 30 min) (Wang et al., 1993; Zhu et al., 2005) and then subjected to OGD (20 min). Total, surface, and synaptic GluR2 expression was evaluated at 0 h after insult. To examine the effects of OGD on the delivery of AMPARs to synaptic sites via soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)-dependent exocytosis, neurons were treated with light chain of botulinum toxin type A (BoNT A) (1 g/ml; BB Tech, Dartmouth, MA) or heat-inactivated BoNT A (as a negative control) for 30 min, followed by hypertonic sucrose (0.45 M for 20 min) and then subjected to OGD (20 min). Total, surface, and synaptic GluR1, GluR2, and GluR3 expression were evaluated at 0 h after insult. Drugs and reagents (sucrose, chlorpromazine, and BoNT A) were kept in the culture medium during OGD.
Coimmunoprecipitation and immunoblotting. Coimmunoprecipitation and immunoblotting assays were performed as described previously (Wan et al., 1997a; . Homogenates from control and OGD-treated hippocampal cultures were incubated with anti-adaptin ␤ 2 antibody (Sigma) or GluR2 (Chemicon) in 500 l of 50 mM Tris-HCl, 150 mM NaCl, and 0.1% Triton X-100 for 4 h at 4°C. The antibody protein complexes were captured with protein A-Sepharose beads. Proteins were eluted from the beads and subjected to SDS-PAGE and immunoblotting for anti-adaptin ␤ 2 (1:2000; Sigma), GluR2 (1:1000; Chemi-con), PICK1 (1:1000; Chemicon), or ABP (1:1000; Chemicon), respectively. For subsequent probing of the same membrane, membranes were stripped of antibody and reprobed. Blots were developed using enhanced chemiluminescence detection (Amersham Biosciences). Band intensities were quantified using Image Pro Plus software.
Recording of AMPAR-mediated miniature EPSCs. Recording of miniature EPSCs (mEPSCs) was as described previously (Wan et al., 1997b) . Neurons were held under voltage clamp at Ϫ70 mV. The patch electrode solution contained the following (in mM): 140 CsCl, 2.5 EGTA, or 25 BAPTA, 2 MgCl 2 , 10 HEPES, 0.1 spermine, and 4 Na 2 ATP, pH 7.3 (osmolarity between 300 and 310 mOsm Ϫ1 ). The extracellular solution was of the following composition (in mM): 140 NaCl, 1.3 CaCl 2 , 5.0 KCl, 25 HEPES, 33 glucose, 0.0005 TTX, 0.1 APV, and 0.02 bicuculline methiodide, pH 7.4 (osmolarity between 325 and 335 mOsm Ϫ1 ). AMPARmEPSCs were recorded using an Axopatch 200B amplifier (Molecular Devices, Palo Alto, CA), and at least 200 individual mEPSCs were collected before and after application of Naspm (20 M for 1 min, applied via bath perfusion). Records were filtered at 2 kHz and analyzed with a Mini Analysis program (Synaptosoft, Leonia, NY).
Statistics. All population data were expressed as mean Ϯ SEM. Significance was assessed by the Student's unpaired t test or ANOVA and was defined as p Ͻ 0.05.
Results

OGD reduces GluR2 expression at postsynaptic membrane
To examine whether neuronal insults alter the number and/or subunit composition of synaptic AMPARs via regulated receptor internalization and/or delivery, we subjected cultured hippocampal neurons (14 -21 DIV) to 20 min OGD, a relatively mild ischemic insult. To validate this paradigm as an experimental model of delayed neuronal death, we examined the time course of cell death, as assessed by propidium iodide (PI) uptake (Fig. 1 A) . OGD elicited delayed neuronal death, evident at 24 and 48 h after insult ( Fig. 1 A, B) but not at 0 (Fig. 1), 6 , 12, or 18 h after injury (data not illustrated). Together, these findings validate the paradigm (20 min OGD) as suitable for the investigation of insultinduced alterations in AMPAR number and/or subunit composition via regulated receptor trafficking.
To examine the impact of OGD on synaptic localization of GluR2, we assessed juxtaposition of GluR2 labeling with labeling of the presynaptic marker synaptophysin. Under control conditions, numerous small clusters of GluR2 immunofluorescence were detected at the surface of dendrites (Fig. 2 A) . A substantial proportion of GluR2 clusters colocalized to synaptic sites marked by synaptophysin puncta; similarly, a significant proportion of synaptophysin puncta were juxtaposed to GluR2 clusters (Fig. 2 A) . OGD significantly reduced the number of GluR2 clusters at synaptic sites, assessed at 0, 12, and 24 h (Fig. 2 A, D,E) . To quantify GluR2 total and surface protein expression in intact neurons, we performed colorimetric assays. OGD induced a significant reduction in surface GluR2 expression, assessed at 0, 12, and 24 h (Fig. 2C ) but did not alter total GluR2 protein abundance (Fig. 2 B) . In contrast, OGD (20 min) did not alter total cellular abundance of GluR1, GluR2, or GluR3 subunits, assessed at 0 h (control, 100; GluR1, 96.7 Ϯ 11.3; GluR2, 97.8 Ϯ 15.2; GluR3, 95.9 Ϯ 11.6; data were normalized to the corresponding control values; *p Ͼ 0.05, difference from control; n ϭ 6 for each group). These findings demonstrate that mild OGD (20 min) reduces synaptic GluR2 number but not total cellular abundance, consistent with regulated receptor trafficking at early times after insult.
In hippocampal neurons, GluR1/GluR2 and GluR2/GluR3 heteromers are the most common AMPAR subtypes (Craig et al., 1993; Wenthold et al., 1996) . To investigate whether OGDinduced alterations in synaptic GluR2 number were subunit specific, we examined synaptic and surface expression of GluR1 and GluR3 at 0, 12, and 24 h after OGD. OGD did not significantly alter the synaptic GluR1 or GluR3 number, assessed as juxtaposition of GluR1/3 clusters to synaptophysin puncta (Fig.  3 A, D, E, H,I ), nor did it significantly alter GluR1 or GluR3 surface expression, as assessed by colorimetric assay (Fig. 3C,G) . Moreover, total GluR1 and GluR3 subunit abundance were unaltered at all times examined (Fig. 3 B, F ) . These results indicate that OGD specifically alters surface and synaptic GluR2 but not GluR1 or GluR3 number at hippocampal synapses at early times after insult.
OGD-induced retrieval of synaptic GluR2 is mediated via clathrin-dependent internalization
Regulated receptor internalization via the clathrin-coated pit pathway is a well established mechanism by which AMPARs are retrieved from synaptic sites in response to neuronal activity ( Sheng and Lee, 2001 ). To examine a possible role for the clathrin-mediated pathway in the loss of synaptic GluR2 at early times after ischemia, we performed three experiments. First, we treated neurons with hypertonic sucrose, which disrupts formation of clathrin cages and blocks clathrin-mediated AMPA receptor endocytosis (Hansen et al., 1993; Lin et al., 2000; Man et al., 2000) . Hypertonic sucrose (0.45 M, applied for 20 min before OGD) did not detectably alter constitutive GluR2 expression, as assayed by colorimetric assays (Fig. 4 B) , but prevented OGD-induced reduction in surface and synaptic GluR2 expression at 0 h after insult, as assessed by doubleimmunofluorescence staining for the presynaptic marker synaptophysin and GluR2 (Fig. 4 A, C, D, E) . Second, we treated neurons with chlorpromazine, a cationic amphiphilic drug that prevents the assembly of clathrin adapter protein AP2 with clathrin-coated pits (Wang et al., 1993; Zhu et al., 2005) . Chlorpromazine [7.5 M applied for 30 min before insult (Zhu et al., 2005) ] similarly abolished the OGD-induced reduction in surface and synaptic GluR2 expression (data not illustrated). Together, these data suggest that OGD-elicited GluR2 reduction at synapses is mediated by clathrin-dependent endocytosis.
Third, we assessed association of the GluR2 subunit with AP2, an adaptor protein of the clathrin complex that binds internalized receptors in clathrin-coated pits in post-ischemic versus control neurons (Schmid, 1997; Man et al., 2000) . Protein extracts were subjected to immunoprecipitation with an antibody directed to the adaptin subunit ␤ 2 , a key component of the AP2 complex, and GluR2 immunolabeling was performed. In control neurons (Fig. 4 F, left) , a low level of GluR2 coprecipitated with adaptin ␤ 2 , indicative of a relatively low rate of constitutive AMPAR internalization. OGD substantially increased the amount of GluR2 that was associated with adaptin ␤ 2 (Fig. 4 F) . These data provide additional evidence that GluR2 subunits are internalized via the clathrin-mediated pathway and that OGD promotes receptor internalization by recruiting the GluR2 subunit to the AP2 complex.
OGD facilitates removal of GluR1 and GluR3 subunits from synaptic sites Although OGD did not significantly change the number of surface and synaptic GluR1 and GluR3 (Fig. 3) , the insult might nevertheless regulate internalization and delivery of these subunits, but to the same extent. To address this possibility, we examined the effect of OGD on GluR1 and GluR3 surface and synaptic expression in neurons pretreated with hypertonic sucrose. In control neurons, hypertonic solution (20 min) did not detectably alter GluR1 or GluR3 surface or synaptic expression (Fig.  5C,D, compare first and second bars) . However, at 0 h after OGD insult, an increase in surface and synaptic expression of GluR1 and GluR3 was observed in hypertonic sucrose (Fig. 5) , indicating that OGD promotes internalization of GluR1 and GluR3 subunits, with no change in the subunit number in the postsynaptic membrane. Similar results were observed at 24 h after OGD (data not illustrated). We reasoned that OGD might promote insertion of GluR1 and GluR3 subunits in the postsynaptic membrane via exocytosis, a process that masks (or counterbalances) the OGDelicited increase in internalization of GluR1 and GluR3 subunits via clathrin-dependent endocytosis. Together with the observation of OGD-mediated GluR2 internalization (Fig. 4) , these data suggest that the ischemic insult may induce endocytosis of GluR2-containing AMPARs (GluR1/GluR2 and GluR2/GluR3 heteromers), the most expressed AMPAR subtype at hippocampal synapses.
OGD promotes synaptic delivery of GluR1 and GluR3 subunits
To examine whether OGD promotes delivery of GluR1 and GluR3 to synaptic sites via SNARE-dependent exocytosis, we took advantage of BoNT A. BoNT A cleaves synaptosomeassociated protein of 25 kDa (SNAP-25) and prevents SNAP-25-dependent exocytosis (Montecucco and Schiavo, 1995) and inhibits insulin-induced delivery of NMDA receptors to the cell surface ). Neurons treated with active BoNT A (1 g/ml, to block exocytosis) or heat-inactivated BoNT A (negative control) for 30 min were incubated in hypertonic sucrose (0.45 M for 20 min, to block clathrin-mediated endocy- showing the juxtaposition of surface GluR2 and the presynaptic marker synaptophysin in control and experimental neurons at 24 h after OGD. Higher-magnification images correspond to the boxed areas in the lower-magnification images. Scale bars: lowermagnification images, 10 m; higher-magnification images, 5 m. B, OGD does not significantly alter total GluR2 protein expression at 0, 12, and 24 h (n ϭ 6 for each group; p Ͼ 0.05). C, OGD reduces surface GluR2 expression, assessed at 0, 12, and 24 h after insults (n ϭ 6 for each group; *p Ͻ 0.05). D, Quantification of the percentage of synaptophysin-positive synapses containing GluR2 puncta in control and OGD neurons (n ϭ 33, 29, 32, and 26, respectively, per group; *p Ͻ 0.05). E, Quantification of the percentage of surface GluR2 puncta that are juxtaposed with synaptophysin puncta in control and OGD neurons (n ϭ 29, 30, 31, and 26, respectively, per group; *p Ͻ 0.05). tosis) and then subjected to OGD (20 min). Total, surface, and synaptic GluR1 and GluR3 expression were monitored by immunofluorescence at 0 h after OGD. Active BoNT A did not significantly alter total GluR1 or GluR3 expression, as assessed by colorimetric assays (Fig. 6 B, G) . However, the toxin completely blocked the OGD-induced increase in surface and synaptic expression of GluR1 and GluR3 subunits in neurons pretreated with hypertonic sucrose (Fig. 6 A, C-F,H-J ) . BoNT A produced little or no effect on constitutive expression of surface and synaptic GluR1 or GluR3 (Fig. 6 A, C-F,H-J ) . However, BoNT A treatment reduced surface and synaptic expression of GluR1 and GluR3 subunits in OGD-insulted neurons (data not shown). These data indicate that OGD promotes insertion of GluR1 and GluR3 subunits via SNARE-dependent exocytosis at hippocampal synapses.
Collectively, these data suggest a model whereby OGD promotes the retrieval of GluR2-containing AMPARs from synaptic sites and their replacement by delivery of GluR2-lacking AMPARs (GluR1/GluR3 heteromers or GluR1 and GluR3 homomers) at synaptic sites.
OGD reduces association of GluR2 with ABP and enhances its association with PICK1
To examine molecular mechanisms mediating the replacement of GluR2-containing AMPARs by GluR2-lacking AMPARs at synaptic sites of insulted neurons, we examined interactions between GluR2 and PICK1 or ABP by coimmunoprecipitation. Association of glutamate receptor-interacting protein (GRIP)/ABP with GluR2 has been shown to localize GluR2-containing AMPARs at hippocampal synapses (Osten et al., 2000; Seidenman et al., 2003) . During activation, PKC␣ is transported by PICK1 to spines, in which PKC␣ phosphorylates GluR2 and the phosphorylated GluR2 is released from the GRIP/ABP complex (Lu and Ziff, 2005) . PICK1 then binds to phosphorylated GluR2 and triggers endocytosis of the GluR2/PICK1 complex (Matsuda et al., 1999; Chung et al., 2000; Osten et al., 2000; Perez et al., 2001; Seidenman et al., 2003) . Moreover, PKC-dependent interactions of GluR2 with GRIP/ABP and PICK1 are required for an exchange of synaptic GluR2-containing AMPARs to GluR2-lacking AMPARs at hippocampal synapses (Terashima et al., 2004) .
We showed that immunoprecipitation with an antibody to GluR2 resulted in coprecipitation of PICK1 and ABP in control neurons (Fig. 7 A, B) . The level of coprecipitated PICK1 was significantly increased, assessed immediately after OGD (Fig. 7A ). In contrast, the level of coprecipitated ABP was markedly decreased after OGD (Fig. 7B) . The PKC inhibitor GÖ 6976 [12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo[2,3-a] pyrrolo [3,4-c] carbazole] (0.1 M, specific inhibitor of PKC␣ and PKC␤) blocked the OGD-induced increase in association of GluR2 with PICK1 and dissociation from ABP, consistent with a requirement for PKC activation in the interactions of GluR2 with PICK1 and ABP (Fig. 7 A, B) . In independent control experiments, the abundance of GluR2, PICK1, and ABP in the input was invariant, as was the abundance of immunoprecipitated PICK1 and ABP in control and OGD neurons (Fig. 7 A, B) . In contrast, neither PICK1 nor ABP coimmunoprecipitated with an antibody to the NMDA receptor subunit NR1 (Fig. 7C) , indicating the specificity of the interaction with GluR2. These findings are consistent with a model whereby the OGD-induced switch of GluR2-containing AMPARs to GluR2-lacking AMPARs is triggered by PKCdependent interactions of GluR2 with PICK1 and ABP at hippocampal synapses.
OGD results in increased expression of functional GluR2-lacking AMPARs at postsynaptic membrane
The results thus far show that GluR2-lacking AMPARs are selectively targeted at or near synaptic sites after OGD-induced removal of GluR2-containing AMPARs. Because colocalization of Figure 3 . OGD does not significantly alter GluR1 and GluR3 surface expression at synaptic sites. A, Representative images showing juxtaposition of GluR1 and GluR3 puncta with synaptophysin puncta in control and experimental hippocampal neurons in culture at 24 h after OGD. Higher-magnification images are of boxed areas indicated in the lower-magnification images. Scale bars: lower-magnification images, 15 m; higher-magnification images, 5 m. B, F, OGD (20 min) does not significantly alter total GluR1 (B) or GluR3 (F) protein expression assessed at 0, 12, and 24 h after OGD (B, n ϭ 6 for each group, p Ͼ 0.05; F, n ϭ 6 for each group, p Ͼ 0.05). C, G, OGD does not detectably alter GluR1 (C) and GluR3 (G) surface expression, as assessed by colorimetric assay (C, n ϭ 6 for each group, p Ͼ 0.05; G, n ϭ 6 for each group, p Ͼ 0.05). D, H, Quantification of the percentage of synaptophysinpositive synapses containing GluR1 (D) or GluR3 (H) puncta in control and OGD neurons (D, n ϭ 25, 25, 32, and 28, respectively, per group, p Ͼ 0.05; H, n ϭ 30, 29, 30, and 27, respectively, per group, p Ͼ 0.05). E, I, Quantification of the percentage of surface GluR1 (E) or GluR3 (I) puncta that are juxtaposed with synaptophysin puncta in control and OGD neurons (E, n ϭ 26, 27, 29, and 24, respectively, per group, p Ͼ 0.05; I, n ϭ 26 for each group, p Ͼ 0.05).
AMPAR subunit immunofluorescence with synaptophysin immunofluorescence does not distinguish synaptic versus perisynaptic receptor number and cannot afford a measure of functional receptors, we recorded AMPAR-mEPSCs. We performed whole-cell patch-clamp recording of AMPAR-mEPSCs in control and experimental neurons subjected to OGD at 0, 12, and 24 h after insult. OGD did not significantly alter the AMPAR-mEPSC frequency (Fig. 8 A, C,E) but increased AMPAR-mEPSC amplitudes and the sensitivity of AMPAR-mEPSC amplitudes to Naspm (Fig. 8 A, B,D) , a subtype-selective blocker of GluR2-lacking AMPARs (Blaschke et al., 1993; Koike et al., 1997; Noh et al., 2005) . In insulted neurons, Naspm (20 M) reduced the amplitude of AMPARmEPSCs, assessed at 0, 12, and 24 h after injury, whereas in control neurons, it did not significantly reduce the amplitude of AMPAR-mEPSCs (Fig. 8 A, D) . Moreover, pretreatment with hypertonic sucrose further enhanced the OGD-induced increase in AMPAR-mEPSC amplitude at 0 h after OGD (control, 18.8 Ϯ 2.05 pA; OGD, 24.3 Ϯ 2.39 pA, p Ͻ 0.05, difference from control; sucrose plus OGD, 29.1 Ϯ 3.16 pA, p Ͻ 0.05, difference from OGD; n ϭ 7 for each group). Consistent with its ability to block the interaction of GluR2 with PICK1 and ABP, the PKC inhibitor GÖ 6976 (0.1 M) blocked the OGD-induced increase of AMPAR-mEPSC amplitudes and the enhanced sensitivity of AMPARmEPSCs (Fig. 8 B, D) . These results provide functional evidence for the expression of GluR2-lacking AMPARs at hippocampal synapses of insulted neurons and indicate a requirement for PKC-dependent interactions of GluR2 with PICK1 and ABP in this process.
Discussion
Regulated AMPAR trafficking at postsynaptic membranes is a mechanism critical to activity-dependent changes in synaptic efficacy. Whereas the role of regulated AMPAR trafficking in synaptic plasticity under physiological conditions is well established, its role in insult-induced synaptic remodeling and/or cell death is less understood. Here we show the novel observation that brief OGD, an in vitro model of global ischemia, promotes redistribution of AMPARs in the postsynaptic membrane, leading to a switch in AMPAR subunit composition at synaptic sites. Ischemic insults promote retrieval of GluR2-containing AMPARs from synaptic sites and facilitate targeting of GluR2-lacking AMPARs to synaptic sites. These events lead to a rapid and longlasting change in synaptic AMPAR subunit composition before alterations in receptor expression or the onset of neuronal death. We further identify mechanisms underlying the trafficking events. The OGD-induced receptor internalization occurs via clathrin-dependent endocytosis and requires PKC activation, association of the GluR2 subunit with PICK1, and dissociation from ABP. Insult-induced delivery of GluR2-lacking AMPARs to synaptic sites occurs via SNARE-dependent exocytosis. These findings implicate regulated AMPAR trafficking and PKC signaling in the switch in AMPAR subunit composition at synapses of post-ischemic neurons.
We further show that AMPARs at synapses of insulted neurons exhibit functional properties of GluR2-lacking AMPARs. OGD causes a rapid and long-lasting increase in the amplitude of AMPA EPSCs and enhanced sensitivity of AMPA currents to the subunit-specific blocker Naspm. Interestingly, Naspm inhibits the amplitude but not the frequency of AMPA mEPSCs. A possible scenario is that ischemia promotes expression of GluR2-lacking AMPARs at only a proportion of postsynaptic sites. Thus, Naspm would cause an incomplete "silencing" of synapses containing GluR2-lacking AMPARs. We also show that the OGDinduced changes in AMPA EPSCs require clathrin-mediated receptor endocytosis and PKC activation, consistent with a role for PKC signaling and PICK1 in the retrieval of GluR2-containing AMPARs from synapses of insulted neurons and their replacement by functional GluR2-lacking AMPARs. These experiments show that ischemic insults promote the targeting of GluR2-lacking AMPARs to synapses of hippocampal neurons and implicate regulated AMPAR trafficking in ischemia-induced synaptic remodeling and neuronal injury.
AMPAR trafficking and its role in ischemic neuronal injury
Findings in the present study indicate that ischemic insults regulate AMPAR trafficking and targeting to synaptic sites by usurp- expression, assessed at 0 h after OGD (n ϭ 6 per group; p Ͼ 0.05). C, Hypertonic sucrose pretreatment blocks OGD-induced loss of surface GluR2 subunits, assessed at 0 h after OGD (n ϭ 6 per group; *p Ͻ 0.05). D, E, Hypertonic sucrose prevents OGD-induced decrease of synaptic GluR2 subunits, assessed at 0 h after OGD (D, n ϭ 23 per group, *p Ͻ 0.05; E, n ϭ 26 per group, *p Ͻ 0.05). F, Left, OGD promotes association of GluR2 subunits with the AP2 complex. Protein samples from control and OGD neurons were immunoprecipitated with an anti-adaptin ␤ 2 antibody, and resulting samples were sequentially immunoblotted with antibodies to GluR2 and adaptin ␤ 2 . Right, Summary data for three independent experiments involving different batches of neurons (*p Ͻ 0.05).
ing mechanisms involved in activity-dependent alterations in receptor trafficking under physiological conditions. Activitydependent alterations in AMPAR number, phosphorylation state, and subunit composition are well established (Carroll et al., 2001) . Native AMPARs undergo regulated internalization in response to neuronal activity via the clathrin-coated pit pathway (Beattie et al., 2000; Ehlers, 2000; Lin et al., 2000; Malinow et al., 2000; Man et al., 2000; Xia et al., 2000; Carroll et al., 2001; Sheng and Lee, 2001 ); once internalized AMPARs undergo postendocytic sorting to recycling versus late lysosomal degradative pathways depending on the activity stimulus (Ehlers, 2000; . In the present study, several findings indicate that AMPAR internalization in response to neuronal insults is mediated via the clathrin pathway. Receptor internalization is blocked by hypertonic sucrose and by chlorpromazine. In addition, neuronal insults promote association of GluR2 with ␤-adaptin, a key component of the clathrin pit-mediated pathway.
Subunit-specific functions of AMPARs govern the synaptic delivery and removal of AMPARs in response to neuronal activity Zhu et al., 2000; Passafaro et al., 2001; Shi et al., 2001) . The GluR2 subunit is the primary determinant of activity-driven internalization of AMPARs and controls the post-endocytic sorting of internalized AMPARs to recycling versus late lysosomal degradative pathways (Ehlers, 2000; Lee et al., 2004) . In contrast, GluR1 drives AMPARs to postsynaptic sites in response to NMDA receptor stimulation and activation of calcium/calmodulin-dependent protein kinase II, resulting in synaptic potentiation. Findings from the present study suggest that, whereas the GluR2 subunit plays a lead role in mediating OGD-induced retrieval of GluR2-containing AMPARs from synaptic sites, the GluR1 and/or GluR3 subunit is critical to facilitated delivery of GluR2-lacking AMPARs to postsynaptic membrane. The relatively rapid switch in subunit composition is consistent with a role for regulated receptor trafficking. A possible scenario is that a reservoir of vesicular-associated GluR2-lacking AMPARs is docked beneath synaptic sites and is strategically "poised" and available for activity or insult-driven insertion. It is also plausible that neuronal insults stabilize GluR2-lacking AMPARs expressed at low density on distal dendrites of CA1/CA3 pyramidal neurons under physiological conditions (Yin et al., 1999) while destabilizing GluR2-containing AMPARs. Future studies are warranted to distinguish among these possibilities.
Studies involving cultures of embryonic hippocampal neurons and neonatal hippocampal slices indicate a large intracellular reservoir of AMPARs that can be rapidly inserted in the plasma membrane in response to neuronal activity and play a critical role in synaptogenesis and synaptic remodeling (Huh and Wenthold, 1999; Lee et al., 2001 ). However, evidence in support of a sizeable pool of intracellular AMPARs and/or its role in AMPAR trafficking in mature hippocampus is, as yet, unclear (Huh and Wenthold, 1999; Lee et al., 2001 ). Thus, findings in the present study that support a role for regulated receptor trafficking in insulted neurons may more accurately reflect mechanisms of neuronal death in immature brain. Future experiments are warranted to examine a potential role for regulated AMPA recep- Figure 5 . OGD promotes internalization of GluR1 and GluR3 subunits via clathrin-dependent endocytosis pathway. A, F, Representative images showing that hypertonic sucrose promotes OGD-induced increase in expression of GluR1 (A) and GluR3 (F) subunits at synaptic sites, assessed at 0 h after OGD. Scale bars, 10 m. B, G, Hypertonic sucrose does not significantly alter total GluR1 (B) and GluR3 (G) subunit expression, assessed at 0 h after OGD (B, n ϭ 6 per group, p Ͼ 0.05; G, n ϭ 6 per group, p Ͼ 0.05). C, H, Hypertonic sucrose promotes OGD-induced increase in surface expression of GluR1 (C) and GluR3 (H) subunits, assessed at 0 h after OGD (C, n ϭ 6 per group, *p Ͻ 0.05; H, n ϭ 6 per group, *p Ͻ 0.05). D, E, I, J, Hypertonic sucrose promotes OGD-induced increase in GluR1 (D, E) and GluR3 (I, J) subunit expression (D, I) and fractional expression (E, J) at synaptic sites, assessed at 0 h after OGD (D, n ϭ 22 per group; E, n ϭ 26 per group; I, n ϭ 25 per group; J, n ϭ 23 per group.;*p Ͻ 0.05).
sites and suppress GluR2 gene expression in vulnerable hippocampal neurons, these mechanisms could act synergistically to promote cell death. AMPAR-mediated excitotoxicity is thought to play a critical role in many CNS insults (Weiss and Sensi, 2000; Tanaka et al., 2005) . Trafficking-mediated alterations in synaptic AMPAR subunit composition and/or number may represent a broad mechanism relevant to synaptic remodeling and neuronal death associated with a number of neurological disorders and diseases. Figure 7 . OGD enhances the association of GluR2 with PICK1 and reduces its association with ABP in cultured hippocampal neurons. The PKC inhibitor GÖ 6976 blocks the increase in association with PICK1 and the reduction in association with ABP. A, Top, Homogenates prepared from control and OGD hippocampal neurons were precipitated with an anti-GluR2 antibody, and bound protein (PICK1) was detected by immunoblot (IB). Bottom, Summary data for three independent experiments (*p Ͻ 0.05). B, Top, Homogenates prepared from control and OGD hippocampal neurons were precipitated with an anti-GluR2 antibody, and bound protein (ABP) was detected by immunoblot (IB). Bottom, Summary data for three independent experiments (*p Ͻ 0.05). C, PICK1 or ABP did not coimmunoprecipitate with NR1 subunit of NMDA receptors in hippocampal neurons. OGD-treated (right) neurons at 24 h after OGD. B, Quantification data indicate that OGD causes significant increases of AMPA-mEPSC amplitudes that are abolished by PKC inhibitor GÖ 6976 (0.1 M) at 0, 12, and 24 h after insults (n ϭ 9 per group; p Ͻ 0.05). C, OGD has no significant effects on the AMPA-mEPSC frequencies (n ϭ 9 per group; p Ͼ 0.05). Data are normalized to the corresponding control values. D, Quantification data indicate that Naspm produces a significantly greater inhibition of the mEPSC amplitudes in OGD versus control neurons, and PKC inhibitor GÖ 6976 prevents the inhibitory effects (n ϭ 10 per group; *p Ͻ 0.05). Data are normalized to the corresponding control values. E, Naspm does not significantly alter the mEPSC frequency in either the control or OGD neurons (n ϭ 10 per group; p Ͼ 0.05). Data are normalized to the corresponding control values.
